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This  year  has  been  dedicated  to  thorough  investigations  of 
the  electronic  properties  of  amorphous  metallic  Ag-Ge  alloys.  These 
alloys  are  similar  to  the  Au-Ge  alloys  studied  previously,  but  in  Ag 
the  d-band  is  located  at  lower  energies  with  respect  to  the  Fermi 
level  than  in  Au.  The  hybridization  between  the  Ge  s,p-states  and  the 
noble  metal  d-states  may  therefore  occur  differently;  moreover,  this 
extends  the  energy  range  over  which  the  free-electron  behaviour  of 
the  optical  properties  can  be  studied.  Amorphous  metallic  Ag-Ge  alloys 
have  been  obtained  by  co-evaporation  onto  cold  substrates  for  Ge  con¬ 
centrations  ranging  from  20  to  40  at.  i.  We  have  controlled  their 
stability  as  a  function  of  temperature  and  we  have  followed  the  crys¬ 
tallization  processes  by  in-situ  resistance  measurements.  We  have  de¬ 
termined  their  transport  properties  and  we  have  analyzed  their  optical 
properties  according  to  the  free-electron  Drude  model.  We  discuss  the 
variation  of  the  conduction  electron  parameters  with  composition  and 
we  compare  the  results  with  those  already  obtained  for  the  Au-Ge 
alloys.  _  , 


1 .-  Experiment. 


O 

The  samples  are  thin  (200-400  A)  films  deposited  under  ultra- 
—9  —8 

high  vacuum  (base  pressure  10  Torr,  rising  to  5.10  Torr  during  eva¬ 
poration)  onto  well-polished  glass  or  silica  substrates  maintained  at 
low  temperature  (15-20  K)  ,  by  co-evaporation  of  the  two  constituents 
from  two  separate  tungsten  crucibles  (Fig.l).  The  evaporation  rate  of 
each  crucible  is  controlled  with  a  calibrated  quartz  microbalance  con¬ 
nected  to  a  minicomputer  Apple  II  Plus  which  commands  and  regulates  the 
crucible  heating.  This  system  allows  us  to  mon  ■  both  the  composition 
and  the  thickness  of  the  film  with  an  uncertain'  -  t  ±1  %.  As  a  check, 
the  film  thickness  is  subsequently  measured  at  roo.u  temperature  by  an 
X-ray  interference  method  (1).  The  total  deposition  rate  is  of  the  order 

o 

of  10  A/ sec. 


A  specially-built  spectrophotometer  (2)  (Fig. 2)  allows  to 
measure  in  situ,  at  the  deposition  temperature,  the  transmittance  T 


and  relectance  R  of  the  film  at  near  normal  incidence,  between  0.6 
and  4.5  eV  (2. 0-0. 3  pm).  The  film  d.c.  electrical  resistance  is  also 
measured  by  a  four-points  method.  The  temperature  of  the  film  can 
then  be  varied  over  the  range  15-300  K,  the  optical  measurements 
being  repeated  in  situ  at  any  desired  temperature.  Resistance  measu¬ 
rements  as  a  function  of  temperature  allow  to  determine  the  range  of 
stability  of  the  as-deposited  sample  (reversible  variation)  and  to 
follow  possible  structural  changes  during  annealing  (irreversible 
variation).  A  special  set-up  (Fig. 3)  is  used  in  order  to  measure 
resistance  changes  as  small  as  10  ^  fl  for  resistance  values  greater 
than  100  f2  ;  this  is  necessary  in  order  to  determine  the  temperature 
coefficient  of  the  resistance  of  the  amorphous  alloys  which  is  extre¬ 
mely  small  (  h,  10  K  *  )  ,  accurately  enough. 

The  structure  of  the  samples  is  investigated  at  room  tem¬ 
perature  by  electron  microscopy  and  electron  diffraction  on  pieces 
detached  from  the  substrate  with  collodion.  As  we  shall  see,  all 
samples  are  at  least  partly  crystallized  at  room  temperature.  These 
results  are  nevertheless  used,  together  with  the  annealing  curves 
(variation  of  resistance  versus  temperature) ,  to  infer  the  structure 
of  the  as-deposited  samples,  as  well  as  the  structural  changes 
occurring  upon  annealing. 

2.-  Existence  and  stability  of  amorphous  metallic  Ag-Ge  alloys. 


The  Ag-Ge  system  exhibits  a  eutectic  for  xGe  =  24.1  at  % 
(3);  the  solid  solubility  of  Ag  in  Ge  is  negligible,  that  of  Ge  in 
Ag  is  small  :  9.6  at  %  at  the  eutectic  temperature,  924  K  (4)  (Fig. 4). 
Although  the  eutectic  is  less  deep  than  that  in  the  Au-Si  system,  or 
even  in  the  Au-Ge  system,  it  is  expected  that  amorphous  alloys  can  be 
obtained  under  appropriate  preparation  conditions.  The  predominance 
of  hetero-atomic  interactions  in  the  liquid  Ag-Ge  eutectic,  as  deduced 
from  neutron  diffraction  experiments  (5),  favours  such  a  possibility. 

We  have  investigated  Ag-Ge  films  deposited  by  co-evapora¬ 
tion  on  cold  substrate  as  explained  above,  with  Ge  concentrations  va¬ 
rying  from  20  to  40  %.  The  d.c.  electrical  resistivity  pg  of  these 

films  at  the  deposition  temperature  is  of  the  order  of  100-200  pa cm, 

1  dPe 

and  its  temperature  coefficient  — -  . -jj-  is  very  small  (of  the  order 
of  10  -  10  4  K  *)  and  negative  except  for  xGe  =  20.5  at  %.  The  opti- 
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cal  properties  of  these  films  in  the  near  infra-red  exhibit  a  metallic 
behaviour,  with  values  of  the  conduction  electron  parameters  very  ty¬ 
pical  of  amorphous  metallic  alloys,  as  we  shall  see.  All  these  obser¬ 
vations  strongly  suggest  that  we  obtained  amorphous  metallic  alloys 
for  all  compositions  investigated.  However,  this  assumption  cannot  be 
confirmed  by  the  electron  microscope  investigations,  because  all  sam¬ 
ples  are  partly  crystallized  at  room  temperature.  Figure  5  shows  for 
example  an  electron  micrograph  (a)  and  an  electron  diffraction  diagram 

O 

(b)  for  a  film  (d  =  205  A)  with  x^  =  26.5  at  %.  A  large  number  of 
very  small  crystallites  can  similarly  be  detected  in  all  films  inves¬ 
tigated.  The  corresponding  strong  diffraction  peaks  occur  in  the  same 
s  regions  where  the  diffuse  diffraction  pattern  of  the  amorphous  me¬ 
tallic  alloy  phase  is  expected;  it  is  therefore  very  difficult  to  de¬ 
cide  whether  such  a  phase  is  still  present  at  room  temperature.  However, 
one  can  observe  a  broad  halo  which  is  approximately  centred  at  the  same 
s  value  as  the  first  diffuse  ring  characteristic  of  covalent  amorphous 
Ge.  This  can  clearly  be  seen  on  figure  6,  which  shows  densitograms  of 
the  diffraction  patterns  for  three  different  compositions.  This  halo  is 
not  present  or  appears  very  faintly  for  small  Ge  concentrations,  but  it 
becomes  more  and  more  pronounced  as  the  Ge  content  increases.  The  pre¬ 
sence  of  amorphous-Ge-like  rings  was  also  detected  in  the  Au-Ge  case, 
but  only  for  high  Ge  concentrations  (6) .  It  can  be  attributed  to  the 
existence  of  covalent  Ge-Ge  local  environments,  which  can  result  from 
the  structural  rearrangements  occuring  upon  annealing,  or  which  can  al¬ 
ready  be  present  in  the  as-deposited  films  under  certain  deposition 
conditions.  One  must  notice  that  Ge-Ge  covalent  bonds  seem  to  form  more 
easily  in  the  Ag-Ge  case  than  in  the  Au-Ge  case,  which  can  be  related 
to  the  poorer  stability  of  the  Ag-Ge  amorphous  metallic  alloys. 

As  for  the  crystalline  phases  which  appear  upon  annealing 
to  room  temperature,  the  diffraction  diagrams  clearly  show  the  main 
lines  characteristic  of  face  centred  cubic  Ag,  i.e.  (Ill),  (220)  and 
(311)  (and  also  (200)  in  some  cases) (Fig. 0) .  However,  additional  strong 
diffraction  peaks  which  can  systematically  be  observed  on  either  side 
of  the  (111)  Ag  line,  although  with  variable  relative  intensities 
(indicated  by  arrows  in  figure6) ,  as  well  as  fainter  structures  appea¬ 
ring  at  larger  s  values,  probably  indicate  the  presence  of  an  hexagonal 
close-packed  alloy  crystalline  phase.  This  phase  could  correspond  to 
that  already  obtained  by  rapid  cooling  from  the  liquid  state  (7)  for  Ge 
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concentrations  between  10  and  30  %,  the  range  of  homogeneity  being 

o  o 

20-22  at.  %  and  the  lattice  parameters  :  a  -  2.90  A  and  c  =  4.72  A 
(from  our  own  data,  the  c  value  should  be  slightly  larger) .  Crys¬ 
talline  Ge  only  appears  for  higher  annealing  temperatures,  as  shown 
by  figure  7.  This  densitogram  shows,  besides  the  lines  correspon¬ 
ding  to  pure  Ag  and  pure  Ge,  several  lines  confirming  the  existence 
of  an  hexagonal  alloy  phase . 

Figure  8  shows  the  variation  of  the  d.c.  electrical 
resistivity  pe  versus  temperature  during  annealing  from  the  deposi¬ 
tion  temperature  (15-20  K)  to  room  temperature,  for  several  films 
with  increasing  Ge  concentrations.  An  arrow  indicates  in  each  case 
the  temperature  at  which  the  Pg(T)  variation  ceases  to  be  reversi¬ 
ble.  The  temperature  range  of  (meta) stability  of  the  as-deposited 
samples  determined  in  this  way  depends  on  the  composition  but  is 
very  limited  for  all  alloys.  As  for  the  irreversible  part  of  the 
Pe ( T)  curves,  at  higher  temperatures,  different  results  are  obtained 
depending  on  the  film  composition.  In  all  cases,  a  more  or  less  steep 
drop  when  approaching  room  temperature  indicates  the  beginning  of  the 
crystallization.  But  at  intermediate  temperatures,  the  p^fT)  beha¬ 
viour  is  strikingly  modified  as  the  Ge  concentration  increases.  For 
small  Ge  contents  (  xGe  =  20.5,  25,  26.5  at.  %  )  ,  p^  varies  very 
little;  it  first  decreases  slightly, then  remains  approximately  cons¬ 
tant  or  exhibits  a  faint  increase.  It  is  interesting  to  notice  that, 
for  x^  =  25  at.  %  ,  which  is  very  close  to  the  eutectic  composi¬ 
tion,  the  overall  variation  of  p  between  20  K  and  270  K  is  remarka- 

e 

bly  small,  suggesting  very  reduced  annealing  effect.  For  high  Ge 

contents  (  x_  =  29.6,  37  at.  %)  ,  on  the  contrary,  p  increases  signi- 
Ge  e 

ficantly  and  goes  through  a  sharp  maximum  before  dropping  when  the 
crystallization  starts.  Similar  observations  were  already  made  during 
annealing  of  co-evaporated  amorphous  metallic  Au-Si  (8),  Au-Ge  (6)  and 
(AgCu)-Ge  (9)  alloys.  These  differences  in  the  annealing  behaviour 
according  to  the  alloy  composition  indicate  that  the  processes  of 
atomic  rearrangement  are  not  the  same  in  all  cases.  For  small  Ge  con¬ 
centrations,  only  relaxation  of  the  amorphous  structure  must  take 
place,  without  drastic  changes  of  short-range  o^der.  For  large  Ge 
concentrations,  more  important  modifications  of  the  local  atomic  en¬ 
vironments  probably  occur,  which  can  lead  to  the  formation  of  Ge-Ge 
covalent  bonds.  This  would  explain  the  amorphous-Ge-like  broad  halos 
observed  on  the  diffraction  patterns.  Such  a  process  could  also 


happen  to  a  certain  extent  in  films  with  smaller  Ge  contents,  when 
favoured  by  composition  fluctuations  or  structure  inhomogeneities 
under  certain  deposition  conditions. 

3.-  d.c.  electrical  resistivity  of  amorphous  metallic  alloys. 

As  already  emphasized,  the  d.c.  electrical  resistivity 

Pe  at  deposition  temperature  of  the  Ag-Ge  films  is  large,  of  the 

order  of  100-200  yftcm,  and  it  increases  with  the  Ge  concentration 

(figure  8).  In  the  range  of  (meta) stability  of  the  as-deposited 

alloys,  the  resistivity  decreases  roughly  linearly  with  temperature 

for  all  films  except  the  more  dilute  one  (  x  =20.5  at.%  ).  The 

06  1  dpe 

absolute  value  of  its  temperature  coefficient  a  =  —  „  — —  is 

-5  -4  -1  Pe  dT 

always  very  small  (10-10  K  )  but  it  increases  slightly 

with  increasing  the  Ge  concentration.  These  results  are  summarized 

in  table  I  and  figure  9a  and  b,  for  Ge  concentrations  between  20 

and  40  at.  %.  one  can  see  that  a  goes  through  zero  for  x  =23  at. 

G6 

%.  The  alloy  with  x^  =  32  at.  %  has  both  a  low  resistivity  and  a 
small  temperature  coefficient  (in  absolute  value)  when  compared  to 
the  other  alloys;  this  difference  (which  is  also  found  in  the  opti¬ 
cal  properties)  can  be  due  to  the  fact  that  this  alloy  has  a  more 
relaxed  structure,  because  of  favourable  deposition  conditions. 

These  data  for  amorphous  metallic  Ag-Ge  alloys  are  very 
similar  to  those  reported  for  (AgQ  gCu^  c)j  Ge^  amorphous  alloys 
(9)  taken  at  room  temperature;  in  this  case  however,  a  becomes 
negative  at  a  smaller  Ge  concentration  (  -  10  at.  %  )  and  its  abso¬ 
lute  values  are  somewhat  larger.  One  can  also  notice  that  the  p 
and  a  values  which  we  obtained  at  low  temperature  (20K)  for  simi¬ 
larly  co-evaporated  amorphous  Au-Ge  alloys  in  previous  studies  (10) 
were  very  close  to  the  present  values  :  for  example,  for  x  = 

24  at.  %  ,  p  =121  pRcm  and  a  =  -4.10  K 
e 

According  to  the  Ziman  theory  (11)  developed  for  simple 

liquid  metals,  a  negative  temperature  coefficient  of  the  resistivity 

is  observed  when  the  ration  2k  /  K  ,  where  2k  is  the  diameter  of 

F  p  F 

the  Fermi  sphere,  and  is  the  wavenumber  corresponding  to  the 
first  peak  in  the  static  structure  factor  (in  the  diffraction  dia¬ 
gram),  is  close  to  unity.  In  fact,  it  has  been  shown  that  this  ratio 


falls  between  0.95  and  1.1  for  a  variety  of  simple  liquid  metals 
and  alloys  (12).  The  extension  of  the  Ziman  theory  to  the  electron 
transport  properties  of  amorphous  alloys  has  been  attempted  recent¬ 
ly  by  various  authors  (13-16).  This  extended  Ziman  theory  predicts 
that  the  electrical  resistivity  changes  linearly  with  temperature 
in  the  range  above  about  a  half  of  the  Debye  temperature,  the  sign 
of  this  variation  depending  on  the  ratio  2kF/K^.  At  low  tempera¬ 
tures,  the  theory  predicts  a  T2  dependence. 

One  of  the  difficulties  in  testing  the  validity  of  the 
extended  Ziman  theory  for  amorphous  metallic  alloys  lies  in  the 
evaluation  of  2kF>  In  the  case  of  Ag-Ge  or  parent  alloys,  where  a 
quasi-free  electron  model  is  expected  to  hold,  a  reliable  estima¬ 
tion  of  this  quantity  becomes  possible.  We  shall  see  in  the  next 
paragraph  that  the  analysis  of  the  optical  properties  in  terms  of 
the  Drude  model  allows  to  determine  the  effective  number  of  conduc¬ 
tion  electrons  per  unit  volume  Ne  ,  from  which  2k„  can  be  deduced 
in  a  straightforward  manner  : 


2  kF  "  2  l  3  *2  Neff  1 


Unfortunately,  as  we  emphasized  in  paragraph  2,  we  were  unable  to 
determine  ,  i.e.  the  position  of  the  first  maximum  in  the  dif¬ 

fraction  diagram  of  the  amorphous  alloys,  since  all  our  samples 
were  at  least  partly  crystallized  at  room  temperature.  Ke  can  howe¬ 
ver  assume  that  the  value  of  in  amorphous  Ag-Ge  alloys  is  equal 
to  that  in  liquid  Ag-Ge  alloys  for  the  same  composition,  as  verified 

O  1 

in  the  Au-Ge  case  (6);  this  gives  K  =  2.65  A  at  the  eutectic 

P 

composition  =  24.1  at.  %  (5);  varies  little  with  composi¬ 

tion  in  the  range  investigated.  We  shall  come  back  to  the  evaluation 
of  the  2kp  /  Kp  ratio  in  paragraph  5,  when  discussing  the  free- 
electron  model  for  the  electronic  structure  of  the  amorphous  Ag-Ge 
alloys.  On  the  other  hand,  the  temperature  range  of  stability  of  our 
Ag-Ge  alloys  was  too  small  to  allow  the  determination  of  the  exact 
temperature  dependence  of  their  electrical  resistivity  both  below 
and  above  the  Debye  temperature . 


One  must  recall  that  detailed  studies  of  amorphous  (Ag^ 

Cu„  r),  Ge  ,  for  which  a  simple  free  electron  model  is  claimed  to 
0.5  1 — x  x  1 

be  valid  (9,17),  with  Ag,  Cu  and  Ge  contributing  with  1,  1  and  4 
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electrons  per  atom  to  the  conduction  band  respectively,  have  shown 
that  the  temperature  coefficient  of  their  resistivity  becomes  negative 
for  2kp/K^  =  0.95;  this  is  in  good  agreement  with  the  results  on 
Cu-Ge  liquid  alloys  for  example,  and  lends  support  to  the  validity  of 
the  Ziman  theory  for  these  amorphous  alloys.  However,  a  remains 
negative  even  when  2kp  /  approaches  1.1  ,  which  is  in  contradic¬ 
tion  with  the  liquid  case,  where  a  becomes  again  positive.  Similar 
tendency  has  also  been  found  in  Mg-Zn  amorphous  alloys  (18). 


4.-  Optical  properties  of  amorphous  metallic  Aq-Ge  alloys. 

4.1.-  Description  of_the_o£tical_data_. 

Figure  10  shows  the  reflectance  ( R )  and  transmittance  ( T ) 
curves  as  a  function  of  wavelength  between  0.30  and  2.0  pm  for  a  207  A 
Ag-Ge  film  with  x^  =  25  at.  %,  as-deposited  (deposition  temperature 
20  K)  (a) ,  and  annealed  at  120  K  (b)  and  at  room  temperature  (c) .  These 
spectra  are  strikingly  featureless,  even  at  short  wavelengths  where 
the  sharp  R  minimum  and  T  maximum  at  about  0.32  pm  characteristic  of 
pure  Ag  cannot  be  detected,  even  after  annealing  at  room  temperature. 
Annealing  has  practically  no  effect  on  the  R  and  T  values  in  the  near 
infra-red,  it  only  modifies  slighty  the  curvature  of  the  spectra  in  the 
visible . 

n,  - 

The  complex  dielectric  constant  e  =  Ej  +  ie2  =  (  n  +  ik  ) 
is  determined  from  the  measured  R  and  T  values  at  each  wavelength, 
using  exact  thin  film  formulae  (19)  and  taking  into  account  multiple 
reflections  in  the  transparent  substrate.  Very  accurate  optical  measu¬ 
rements  are  necessary,  especially  in  the  near  infra-red,  in  order  to 
n, 

obtain  reliable  e  values.  We  are  indeed  in  a  case  where,  when  trying 
to  solve  the  system  of  two  equations  with  two  unknowns  : 

R  (  n  ,  k  )  =  Rex 
T  (  n  ,  k  )  =  Tex 

very  small  experimental  errors  on  R  and  T  can  lead  to  very  large  un¬ 
certainties  on  n  and  k  ,  or  even  to  no  solution  at  all.  The  estimated 
accuracy  on  our  R  and  T  measurements  is  of  the  order  of  1  -  2  per  mil. 

Figure  11  shows  the  optical  absorption  e2  /  X  versus  energy, 


as  determined  at  the  deposition  temperature  (  15-20  K  ) ,  for  several 
Ag-Ge  films  with  Ge  concentrations  from  20.5  to  32  at.  %.  The  spectrum 
for  pure  crystalline  Ag  at  room  temperature  (20)  is  also  shown  for 
comparison.  Striking  differences  are  at  once  noticed  between  the  alloys 
and  the  pure  matrix.  The  optical  absorption  of  the  alloys  is  much  hi¬ 
gher,  especially  in  the  near  infra-red.  Moreover,  while  in  pure  Ag  a 
steep  absorption  edge  indicates  the  onset  of  interband  transitions 
from  the  top  of  the  d-band  to  the  conduction  band  at  the  Fermi  level 
(  tiu).  =  3.86  eV  (20))  ,  in  the  alloys  there  is  no  indication  of  such  an 
absorption  edge,  at  least  in  the  spectral  range  investigated.  The  ove¬ 
rall  shape  of  these  spectra  looks  very  similar  to  that  observed  for 
amorphous  metallic  Au-Si  (21)  and  Au-Ge  (10)  alloys. 

4.2.-  Analysis_of  the  optical^  da ta_. 

We  have  attempted  to  analyze  the  dielectric  constant  of 
the  as-deposited  Ag-Ge  films  with  a  quasi-free  electron  model.  The 
(  Ej  ,  Ej  )  data  were  tentatively  fitted  with  the  Drude  expression  : 

a,  “p2  i 

€  =  1 - K - : -  +  5  e, 1 

,  i  ,  1 

w  (  u>  +  — —  ) 

o 

where  w  =(4irN_„e2/m  )' / 2  (  N  __  the  effective  number  of 

p  eff  o  eff 

electrons  per  unit  volume  and  m  the  optical  effective  mass  )  is 

o 

the  plasma  frequency  of  the  quasi-free  conduction  electrons  and 
their  optical  relaxation  time.  The  constant  real  term  5£ji  accounts 
for  the  contribution  of  possible  interband  transitions  occurring  at 
higher  energies.  One  can  also  write  : 


where  XQ  and  X^  are  the  wavelengths  corresponding  to  and  Tq 

respectively,  and  P  =  1  +  6  e  j1  .The  three  parameters  to  be  adjusted 

were  X  ,  X_  and  P  ,  which  also  means  :  N  __  ,  T  and  Se,*  ; 

0  T  eff  o  1 
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was  taken  to  be  equal  to  the  free  electron  mass  for  simplicity. 
We  have  also  used  a  slightly  more  sophisticated  model,  in  which  the  op¬ 
tical  relaxation  time  is  allowed  to  vary  with  frequency,  according 
to  (22)  : 


In  this  model,  we  have  four  adjustable  parameters  XQ  ,  A  ,  b  and  P, 

which  also  means  :  N  __  ,  T  0  ,  a  and  6  £  .  Since  a  free-electron- 

eff  0  1 

like  behaviour  seems  to  be  obeyed  over  a  large  spectral  range  in  the 
Ag-Ge  system,  the  range  of  (  )  values  used  for  the  fitting  pro¬ 

cedure  was  varied  in  order  to  check  the  reliability  of  the  results.  In 
the  same  spirit,  not  only  the  (  £j  ,  )  values,  but  directly  the  (  R, 

T  )  values,  were  fitted  with  the  Drude  model,  in  order  to  get  rid  of 

n, 

the  uncertainties  in  the  e  determination. 


Table  II  presents  the  results  of  several  fits  on  ( R , T ) 

O 

and  {  e.  ,  e_  )  with  the  two  models  for  a  207  A  Ag-Ge  film  with  x  = 
12  Ge 

25  at.  % ;  the  root  mean  square  deviation  per  point  i-  is  also  indicated 
in  each  case.  Figures  12  and  13  show  a  comparison  of  the  experimental 
data  and  of  the  values  deduced  from  some  of  these  fits,  for  (  R  ,  T  )  and 
(  £  1  ,  e2  )  respectively.  One  can  make  the  following  comments  : 


i)  when  the  fitting  procedure  is  applied  to  the  data  in  the  large- 

wavelength  range,  say  from  2.0  to  about  0.7  -  0.6  pm,  the  simple  Drude 
model  with  a  constant  relaxation  time  reproduces  the  data  quite  satis¬ 
factorily.  Figure  13  shows  that  the  agreement  is  perfect  on  both  Ej 
and  e 2  from  0.6  to  about  1.7  eV,  and  that,  for  higher  energies,  the 
experimental  values  of  deviate  upwards  with  respect  to  the  model; 

the  agreement  is  however  still  good  for  E^. 

ii)  when  the  fitting  procedure  is  applied  to  the  data  in  a  larger 
spectral  range,  say  from  2.0  to  0.4  pm,  the  values  of  the  parameters 
are  not  significantly  modified  but  the  root  mean  square  deviation  per 
point  2-  increases  strongly.  This  confirms  that  the  optical  properties 
strictly  follow  the  simple  Drude  model  at  low  energies  only,  up  to 
about  1.7  eV. 


iii)  the  quality  of  the  fit  attempted  over  a  large  spectral  range 
(from  2.0  to  0.4  pm  for  example)  is  not  improved  if  the  optical  relaxa¬ 


tion  time  is  allowed  to  vary  with  frequency.  Therefore,  such  a 


va- 
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riation  does  not  explain  the  deviation  observed  at  high  energies 

between  the  £_  experimental  values  and  the  simple  Drude  model. 

1  1 

Besides,  one  must  notice  that,  if  —  is  determined  by  the  expres- 

o 

sion  derived  from  the  Drude  formulae  : 


(taking  a  reasonable  value  for  P) ,  then  fairly  constant  values  are 
obtained  from  0.6  to  about  1.5  eV  (Fig. 14). 

Similar  conclusions  can  be  deduced  from  the  analysis  of 
the  optical  properties  of  all  the  Ag-Ge  films  with  compositions 
close  to  the  eutectic  composition  :  20  <  x^  <  30  at.  %.  A  Drude 

model  with  a  constant  relaxation  time  allows  to  reproduce  the  near 
infra-red  data  quite  satisfactorily  up  to  about  1.7  eV.  At  higher 
energies,  an  additional  contribution  to  the  optical  absorption  is 
systematically  observed;  it  increases  smoothly  with  increasing  energy. 
The  same  result  was  already  obtained  in  the  study  of  Au-Ge  alloys 
(10).  In  this  case,  the  extra-absorption  was  attributed  to  interband 
transitions;  the  fact  that  the  absorption  edge  was  so  gradual  when 
compared  to  that  in  pure  Au,  was  taken  as  an  evidence  that  in  the 
alloys  the  Au  d  -  states  were  hybridized  with  the  Ge  s,p-states.  In 
the  Ag-Ge  case,  it  seems  from  X-ray  photoemission  experiments  (23) 
that  the  mixing  of  the  Ag  d-orbitals  with  the  Ge  s  and  p-orbitals 
is  not  so  large.  On  the  other  hand,  it  is  surprising  that  no  remi¬ 
niscence  of  the  pure  Ag  interband  absorption  edge  can  be  detected  in 
the  data.  Of  course,  measurements  at  higher  energies  are  necessary 
in  order  to  determine  whether  such  an  edge  has  been  shifted  by  a 
displacement  of  the  Fermi  level  with  respect  to  the  Ag  d-band,  or  is 
really  washed  out  in  the  amorphous  alloys. 


For  Ag-Ge  films  with  higher  Ge  concentrations  :  xGe  =  30  - 
35  at.  %,  although  the  optical  spectra  look  very  similar,  the  results 
of  the  fitting  procedure  with  the  Drude  model  are  much  less  clear. 
Although  the  root  mean  square  deviation  per  point  E  remains  reaso¬ 
nable  in  all  cases,  the  values  of  the  adjusted  parameters  vary  rather 
strongly  with  the  (  R  ,  T )  or  (  )  range  chosen  for  the  fit. 

At  the  moment,  we  cannot  decide  whether  these  discrepancies  are  due 
to  experimental  errors  in  the  data,  the  influence  of  which  would  be 
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larger  in  these  cases,  or  whether  they  are  really  indicative  of  the 
inadequacy  of  the  Drude  model  for  more  concentrated  alloys.  One 
must  recall  that  the  annealing  behaviour  of  these  alloys  is  peculiar 
(see  figure  8)  and  suggests  the  formation  of  covalent  Ge-Ge  bonds. 
These  alloys  may  already  present  some  inhomogeneity  at  the  deposi¬ 
tion  temperature,  for  example  different  types  of  local  environments 
corresponding  to  microscopic  composition  fluctuations.  This  inhomo¬ 
geneity  may  affect  the  film  optical  properties,  while  modifying  very 
little  the'  electrical  resistivity  behaviour. 

The  values  of  the  characteristic  parameters  of  the  con¬ 
duction  electrons  for  the  most  concentrated  alloys  must  therefore 
be  considered  with  caution.  We  preferred  to  retain  the  values  ob¬ 
tained  by  a  fit  over  a  large  spectral  range  (from  2  to  0.5  -0.4  [mi)  , 
because  they  allowed  to  reproduce  the  whole  (  ,  e2  )  data  in  a 

rather  satisfactory  manner. 

5.-  Discussion  of  the  free-electron  model. 


Table  III  presents  the  values  of  the  characteristic  para¬ 
meters  of  the  conduction  electrons,  the  effective  number  per  unit 

volume  N  and  the  optical  relaxation  time  T  ,  as  deduced  from 
eff  o 

the  analysis  of  the  complex  dielectric  constant  in  terms  of  the 
simple  Drude  model,  for  a  few  Ag-Ge  alloys  with  different  composi¬ 
tions.  One  has  also  indicated  the  values  of  the  average  effective 
number  of  conduction  electrons  per  atom  >  defined  by  : 

Neff  D 

eff  S.  A 

where  D  is  the  density  and  A  the  average  atomic  weight  (  A  = 

107.87  (  1  -x)  +  72.59  (x))  of  the  particular  alloy  and  •Sf'  is 

the  Avogadro  number.  We  do  not  know  the  density  of  our  co-evaporated 

amorphous  alloys.  However,  density  measurements  performed  on  flash- 

evaporated  amorphous  (  Agg  gCuQ  j Oe  alloys  have  shown  that  the 
D 

ratio  —  increases  only  very  slightly  when  the  Ge  concentration 
increases  (9) ;  a  similar  result  has  been  obtained  for  co-evaporated 
amorphous  Au-Si  alloys  (8) .  To  a  first  approximation,  we  therefore 
considered  the  ratio  ~  as  a  constant,  equal  to  the  value  for  pure 
Ag.  Table  III  also  gives  the  values  of  the  "optical"  resistivity  pQ 
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deduced  from  the  optical  characteristic  parameters  N  „  and 

eff 


by  : 


P 


o 


eff 


2 

e 


T 

0 

m 


where  m  is  taken  as  equal  to  the  free  electron  mass;  these  values 
of  PQ  must  be  compared  to  the  values  of  the  d.c.  electrical  resis¬ 
tivity  .  For  completeness,  we  have  reported  in  table  III  the  va¬ 
lues  of  the  same  quantities  for  two  amorphous  Au-Ge  alloys  with  com¬ 
positions  close  to  the  eutectic  composition  {which  is  x^  =  27  at.  % 
in  this  case) . 

One  can  make  the  following  comments  on  these  results  : 

a)  the  average  effective  number  of  conduction  electrons  per  atom 

n  ,,  increases  with  the  Ge  concentration  for  both  the  Ag-Ge  and  Au- 
eff  ^ 

Ge  alloys.  It  is  interesting  to  compare  the  experimental  values  with 
those  calculated  according  to  a  simple  model  where  Ag  or  Au  and  Ge 
would  donate  1  and  4  electrons  per  atom  respectively  to  the  conduc¬ 
tion  band  of  the  alloy  : 


n  =  4  x  +  {  1  -  x  ) 
o 

Indeed,  Ge  has  four  valence  electrons,  which  behave  like  quasi-free 

conduction  electrons  when  Ge  is  in  its  metallic  state;  the  analysis 

of  the  optical  properties  in  terms  of  the  Drude  model  for  liquid  Ge 

yields  n  „  =  4.3  (24).  The  values  of  n  are  indicated  between 
err  o 

parentheses  in  table  III. 

In  the  case  of  Ag-Ge  alloys,  one  can  see  that,  for 
small  Ge  concentrations,  close  to  the  eutectic  one  (  xGe  =  20.5,  25, 
26.5  at.  %) ,  the  experimental  values  of  ngff  are  close  to  the  compu¬ 
ted  values  nQ  ,  although  slightly  smaller.  The  difference,  of  the 
order  of  10  %,  may  be  accounted  for  by  errors  in  the  optical  data  and 
uncertainties  in  the  analysis  in  terms  of  the  Drude  model .  One  can 
therefore  conclude  that  the  simple  free-electron  model  described  abo¬ 
ve  is  roughly  verified  for  the  amorphous  Ag-Ge  alloys,  like  for  the 

amorphous  (Ag.  _Cu_  _)-Ge  alloys  (9,17).  In  the  case  of  the  Au-Ge 
U  .  D  O.  D 

alloys,  for  the  smallest  Ge  concentration  (x  =  24  at.  %)  the  experi- 
mental  value  of  nejf  is  also  rather  close  to  the  computed  value, 
but  slightly  larger.  We  do  not  think  that  this  discrepancy  with  res¬ 
pect  to  the  Ag-Ge  case  is  due  to  experimental  errors.  It  should 
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indicate  that  the  electronic  structure  of  Au-Ge  alloys  is  less  simple, 
certainly  because  of  the  hybridization  between  the  Ge  s,p-states  and 
the  Au  d-states;  additional  electrons,  probably  with  d  character, 
must  contribute  to  the  conduction  band.  One  must  recall  that  such  an 
hybridization  has  been  predicted  theorically  (25)  and  leads  to  an 
anti-resonance  structure  in  the  p-  and  s- density  of  states  of  the 
alloy. 

For  higher  Ge  concentrations,  in  both  types  of  alloys  the 

experimental  values  of  n  __  become  significantly  larger  than  the 

eff 

computed  values  n^  .  This  may  indicate  that  hybridization  effects 
become  more  important  as  the  Ge  content  increases.  However,  we  have 
already  emphasized  that  the  validity  of  the  Drude  model  is  then  ques¬ 
tionable,  probably  because  of  inhoraogeneities  of  the  samples  accompa¬ 
nied  by  local  modifications  of  the  bonding  character.  This  would  be 
particularly  true  in  the  Ag-Ge  case ,  where  Ge  shows  a  greater  tenden¬ 
cy  to  give  up  the  metallic  bonding  into  which  it  is  forced  by  the 
environment  of  Ag  atoms,  and  to  take  its  more  natural  (in  the  solid 
state)  covalent  bonding. 

b)  the  optical  relaxation  time  Tq  is  extremely  small  and  decreases 
as  the  Ge  content  increases.  For  comparison,  in  crystalline  pure  Ag 
at  room  temperature,  XQ  is  two  orders  of  magnitude  larger  (20);  in 
liquid  Ag,  it  is  still  one  order  of  magnitude  larger  (26) .  However, 
in  liquid  Ge,  the  Tq  value  is  comparable,  of  the  order  of  10  sec. 
(24) .  Such  very  small  values  of  the  optical  relaxation  time  are  ty¬ 
pical  of  amorphous  metallic  alloys  and  have  already  been  obtained  for 
Au-Si  (21)  and  Au-Ge  (10)  alloys.  They  are  not  surprising  since  the 
resistivity  of  these  alloys  is  very  high  compared  to  that  of  crystal¬ 
line  pure  metals  and  most  crystalline  alloys.  They  correspond  to 
extremely  short  mean  free  paths  t  given  by  : 


t  = 


T 

0 


where  v^  is  the  Fermi  velocity  of  the  conduction  electrons,  which, 

in  a  free-electron  model,  can  be  deduced  from  the  effective  number 

of  conduction  electrons  per  unit  volume  N  „  by  : 

eff 


VF  ~  m  (  8ir  Neff  )1/3 


(m  is  the  free  electron  mass  and  h  the  Planck  constant) .  For  exam¬ 
ple,  the  mean  free  path  t  would  be  equal  to  6.10  H  for  the  Ag-Ge 


1  4 


alloy  with  =  20.5  at.  %,  and  to  4.36  A  for  the  Ag-Ge 

alloy  with  xGe  =  26.5  at.  %;  this  is  of  the  order  of  the  interatomic 
distances.  In  such  conditions,  one  may  question  the  validity  of  a 
free-electron  model,  both  for  the  optical  and  the  transport  properties 
of  these  alloys. 

c)  the  "optical"  resistivity  pQ  is  very  close  to  the  d.c.  electrical 

resistivity  p  .  The  difference  may  be  accounted  for  by  experimental 
e 

uncertainties  on  the  optical  data.  This  is  an  important  result,  since 
it  proves  the  consistency  between  the  directly  measured  resistivity, 
and  the  resistivity  deduced  from  the  optical  properties  by  a  free-elec¬ 
tron  analysis.  It  confirms  that,  at  least  to  a  first  approximation,  a 
free-electron  model  can  be  applied  in  order  to  account  for  the  "metal¬ 
lic  properties"  of  the  amorphous  alloys. 

One  must  recall  that,  in  crystalline  pure  metals,  the  op¬ 
tical  resistivity  is  usually  found  to  be  larger  than  the  electrical 

P0 

resistivity;  for  example  in  Ag,  —  =  2  (20).  This  can  be  explained  by 

the  anisotropy  of  the  Fermi  surface.  In  crystalline  alloys,  the  ratio 

tends  to  be  closer  to  unity,  for  example  in  alloys  between  noble  metals 

(27),-  this  is  consistent  with  a  reduction  of  anisotropy  effects  in  com- 

Po 

positionally  disordered  alloys.  In  amorphous  alloys,  the  ration  —  is 
also  expected  to  be  close  to  unity.  As  already  emphasized,  we  attribute 
the  deviations  from  unity  which  we  obtained  for  Ag-Ge  and  Au-Ge  alloys 
to  experimental  uncertainties  in  both  the  optical  data  and  their  analy¬ 
sis. 

d)  as  emphasized  in  paragraph  3,  we  can  determine  the  diameter  of  the 

Fermi  sphere  2kp  from  the  experimental  values  of  the  effective  number 

of  conduction  electrons  per  volume  unit  N  __  .  We  find  2k  =2.73, 

eff  F 

2.73  and  2.83  for  the  Ag-Ge  alloys  with  x„  =  20.5,  25  and  26.5at.% 

26  2kF 

respectively.  The  corresponding  values  of  the  ratio  — —  are  :  1.03, 

p 

1.03  and  1.07.  At  least  for  the  last  two  alloys,  for  which  the  tem¬ 
perature  coefficient  of  the  resistivity  is  negative,  these  values, 
close  to  unity,  are  in  agreement  with  the  assumption  of  the  Ziman  theo¬ 
ry.  However,  for  the  Ag-Ge  alloy  with  x„  =  32  at.%,  a  is  still  neqa- 

2kF  06 

tive,  while  the  ration  -  is  already  equal  to  1.2.  Therefore,  the 

Kp 

extended  Ziman  theory  is  certainly  less  adequate  for  amorphous 
alloys  than  for  liquid  alloys.  A  different  theory  has  recently  been 
proposed  (28) ,  which  takes  into  account  the  structural  "indeterminacy" 
in  the  atomic  arrangement  of  amorphous  alloys;  the  electron  transport 
can  be  understood  in  terms  of  an  attractive  interaction  between  conduc- 
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tion  electrons  and  localized  excitations  arising  from  this  indetermi¬ 
nacy.  Further  transport  measurements  are  now  necessary  in  order  to 
test  this  theory- 
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To  b  I  e  I 


X_  (at.%) 
Ge 

20.5 

25 

26.5 

29.5 

32 

37 

Pe(lJA-cm) 

117.3 

129.7 

141.2 

171.0 

126.2 

202.5 

^  dTU°  K) 

+  4 

-6.2 

-5.6 

-12.5 

-  7 

-28 

d.c.  electrical  resistivity  at  20K  p  and  its  tempe- 

1  op©  ^ 

rature  coefficient  — —  .  -  for  several  Ag-Ge 

Pe  dT 

alloys  with  Ge  concentration  x 

Ge 


I 


I  a  Die 


z 

Acyim 

ATyJ,n 

n 

P 

Neff 

In 

T ^ 

(R,T)  f ih  (3 p) 
.8  <  A  <£  yjm 

4.5  9  x 
>10-7 

.4443 

.630 

— 

2.49 

8.557 

4.968 

(R,T)  fil  Op) 

.6  <A<(2  yjm 

5.7  7* 
40-7 

•430O 

.647 

— 

2.80 

6.615 

2.0  09 

(R,T)  fiKsp) 

.  4  <  A  4  2.  yu  m 

4.4  6  x 

40"3 

.4453 

.639 

— 

2.39 

8.440 

4.940 

(£<,£„)  f;h(3p) 
.6  <  A  ^  2.yUm 

1.64  x 
40"4 

.144  o 

.628 

— 

2.44 

8.603 

4.974 

(R,T)  fO(4p) 

.  8  <  X  <  2  yjm 

4.57  x 
40-7 

•«6 

.622 

.0284 

4.85 

8.663 

1.993 

(R,T)  fi|-(4p) 
.  4  <  A<  2, yum 

4.46  x 
40~3 

.146g 

.665 

.085 

_ 

Jj 

8.495 

4.856 

Results  of  several  fits  of  the  (  R,  T  )  and 
{  E1  '  £2  ^  data  for  a  Ag-Ge  alloy  with  d  »  207  A 
and  =  25  at.%. 
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Table  H 


XJaty.) 

Ge 

N  iff 

,  22  -3 

0o  cm  ) 

n  <zff 

T. 

(10 

ee 

(yun-cm) 

~  (ev) 

i  O 

20. 5 

8.58 

mwm 

wSau\ 

3.86 

ioy.1 

117.3 

1.10 

h 

25 

8.60 

1.47 
U-7  5) 

3  .34 

123.8 

129.7 

1  .96 

26.5 

9.58 

4 .63 
H  .80) 

2 . 66 

139.7 

141.2 

2.48 

32 

15.5  3 

2  .27 
(4  .96) 

2.15 

122.1 

126.2 

3.  05 

Au 

24 

11.3 

1  .94 
(1  -72) 

00 

« 

I09 

121 

2.30 

30 

15.1 

2.52 

(-1.90) 

2.23 

108 

125 

2.95 

Experimental  values  of  the  free  electron  parameters 

for  Ag-Ge  and  Au-Ge  amorphous  metallic  alloys 

with  different  Ge  concentrations  x  :  N 

Ge  ef  f 

effective  number  per  volume  unit;  n  average 

ef  f 

effective  number  per  atom  (the  value  between  parent 
theses  is  the  computed  value-see  text-) ;  T  optical 
relaxation  time;  pQ  and  p are  the  optical  and 
electrical  resistivity  respectively. 
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FIGURE  CAPTIONS 


Figure  1  -  Schematic  diagram  of  the  ultra-high  vacuum  co-evaporation 
system. 

Figure  2  -  Schematic  diagram  of  the  spectrophotometer  allowing  in  situ 
reflectance  and  transmittance  measurements. 

Figure  3  -  Electrical  set-up  for  measuring  small  resistance  changes. 

Figure  4  -  Phase-diagram  of  the  Ag-Ge  system  (after  ref .4) . 

Figure  5  -  Electron  micrograph  (a)  and  electron  diffraction  pattern  (b) 
of  a  Ag-Ge  film  :  d  =  205  A,  x  =  26.5  at.  %,  taken  at  room 

G6 

temperature . 

Figure  6  -  Densitograms  of  the  electron  diffraction  patterns  taken  at 

room  temperature  of  three  Ag-Ge  films  with  Ge  concentrations 
26.5,  29.6  and  37  at.  %;  the  full-line  arrows  indicate  the 
main  diffraction  peaks  of  crystalline  Ag  and  amorphous  Ge; 
the  discontinuous-line  arrows  indicate  peaks  which  can  be 
attributed  to  an  h.c.p. alloy  phase. 

Figure  7  -  Densitogram  of  the  electron  diffraction  pattern  of  a  Ag-Ge 

film  with  =  29.6  at.  %  which  has  been  heated  inside  the 

electron  microscope;  the  arrows  indicate  the  main  diffraction 
peaks  of  crystalline  Ag  and  crystalline  Ge;  the  other  peaks 
can  be  attributed  to  an  h.c.p.  alloy  phase. 


Figure  8  -  Variation  of  the  d.c;  electrical  resistivity  p  versus  tem¬ 

perature  T  from  deposition  temperature  (  20K )  to  room  tem¬ 
perature  for  Ag-Ge  films  with  different  Ge  concentrations  _x  . 


-  Experimental  values  of  the  d.c.  electrical  resistivity  at  depo¬ 
sition  temperature  Pe  (  a  )  and  of  its  temperature  coefficient 
i  -^5-  (  b  )  as  a  function  of  Ge  concentration  x^  for  seve- 

e  ral  amorphous  metallic  Ag-Ge  alloys. 


Figure  10  -  Reflectance  R  and  transmittance  T  spectra  between  0.3  and 
0.8  pm  (  a  )  and  between  0.5  and  2  pm  (  b  ),  for  a  Ag-Ge  film  : 
d  =  207  A  ,  x  =  25  at.  %  ,  as-deposited  (dots)  and  annealed 
at  120K  (dashed  lines)  and  300  K  (continuous  lines) . 


Figure  11  -  Optical  absorption  £2  /  A  versus  energy  Tun  for  amorphous 

Ag-Ge  films  with  Ge  concentrations  xGg  =  20.5  (  •  )  ,  26.5  (-0  ) 
29.5  (  a  )  and  32  (o)  at.%  and  for  crystalline  Ag  (dashed  line). 

Figure  12  -  Comparison  between  the  experimental  values  of  T  (  o  )  and  R 
(  •  )  and  the  results  of  different  fits  :  3-parameters  fit  on 
(  R,T  )  between  0.6  and  2  pm  (dashed  lines)  ,  3-parameters  fit 
on  (  Gj,  £2  )  between  0.6  and  2  pm  (dashed-dotted  lines),  4- 
parameters  fit  on  (  R,T  )  between  0.6  and  2  pm  (continuous 
lines)  . 


22 


Figure  13  -  Comparison  between  the  experimental  values  of  -  e.  (  o  ) 
and  £2  /  A  (  •  )  and  the  results  of  different  fits  :  3- 
parameters  fit  on  (  R,T  )  between  0.8  and  2  ym  (dashed 
lines)  and  between  0.4  and  2  pm  (dashed-dotted  lines), 
4-parameters  fit  on  (  R,T  )  between  0.6  and  2  pm  (conti¬ 
nuous  lines) . 


Figure  14  -  Values  of  the  reciprocal  optical  relaxation  time 
deduced  from  the  real  and  imaginary  parts  of  the 


T°  die¬ 


lectric  constant  as  explained  in  the  text,  as  a  function 
of  energy  square  (  "fito  )  2 . 
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